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Uganda 

This Invention relates to llgands used In transition metal-catalysed asymmetric reactions and In 
particular to paracyclophanes more particularly to substituted paracyctophanes. 



Paracyctophanes and In particular I2.2]-parecyclophane derivatives are established Uganda fdr 
transition metal-cataly&ed asymmetric reactions (see for example, S. E. Gibson and J. D. 
Knight, Org. fliomo/. Own., 2003, 1, 1256-1269). Of these, paracyetophane bte(phosphines) 
have attracted considerable attention because catalysts derived from them show high levels of 
activity and selectivity In a number of useful asymmetric transformations. 

For example, WO 07/47832 describes paracyclophane bls(phosphine) llgands and rhodium 
(Rh)» ruthenium (Ru), iridium (Ir) or palladium (Pd) catalysts derived therefrom for asymmetric 
hydrogenatlon, Isomerfeatton, hydroboration, cyclization, arylation, alkylation and amlnation 
reactions. The llgands described have the formula depicted below; 



Where both X groups are the Identical, these llgands posses C 2 symmetry, that Is they are 
chiral and have a C 2 axis of symmetry. For example, the (^symmetric [2.2] ligand where X = - 
(CHaCHaV, known as PHANEPHQS, may be used in the asymmetric hydrogenatlon of ketones 
when comprising part of a Ru-diamine complex (see WO 01/74629). 

WO 02/057278 describes paracyclophane llgands structurally related to the paracydophane 
b)s(phosphlnes) where the phenyl groups bound to the phosphorus in the [2.2]paracyclophane 
structure are replaced by oxygen, nitrogen! chloride or hydrogen atoms. These ligands are 
depicted below; 



Rh> Ir and Ru catalysts derived therefrom were used in asymmetric hydrogenatlon reactions. 

Whereas the paracyclophane Uganda described are effective for many asymmetric 
transformations there is still a need to improve the activity and selectivity of catalysts derived 





X, Y, 2, w a O; paracyclophane phosphorites 
x, Y, 2, w « N; paracyctophfifte phosphoniMmldes 
X, 2 a O, Y T W = N; paracyclophBna phaaphon&midlte 
X, Y f Z, W = CI; bis(dichloropho3phlno) paracyclophane 
X, Y. 2, W H; diphosphino paracyclophane 
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from them over a broader range of reactions and substrates. In addition, the paracyclophane 
ligands generally require lengthy and expensive resolution techniques in order to provide them 
In high enantiomeric purity for preparing catalysts; for asymmetric transformations. 

5 Furthermore, whereas the catalysts derived from the Uganda described may be effective for 
providing acceptable activity and selectivity In these reactions when used as homogeneous 
catalysts, they are not particularly amenable to Immobilisation on solid supports. The fixing of 
homogeneous catalysts to solid supports provides the potential for extending the benefits of 
heterogeneous catalysts to homogeneous systems. These benefits include easier separation 

10 of catalyst and reaction products leading to shorter work up times and improved process 

efficiency, the potential for re-activation and re-use of the supported catalysts which are often 
based on expensive metals and complex ligand geometry, and the possible adaptation of the 
Immobilised catalyst to continuous flow fixed-bed processes. 

16 We have found that by providing a substituting group on one or both of the benzene tings In a 
paracyclophane structure that electronic and/or sterlc properties of the ligand may be altered to 
better suit different reactions or reaction conditions. Furthermore, the substituting group may 

also be used to facilitate ohlral resolution of the paracyctophane and if desired to provide a 

functional group suitable for reaction with a solid support material. 

20 

Accordingly the present Invention provides a substituted paracyclophane of formula (I) 



wherein X 1 and X 2 ana linking groups comprising between 2 to 4 carbon atoms, Y 1 and Y 3 are 
selected from the group consisting of hydrogen, hallde, oxygen, nitrogen, alkyl, cycloalkyl, aryl 
26 or heteroaryl, z\ Z* and Z 3 are substituting groups that optionally contain functional groups, 
wherein a, b»c, d.eandf areOorl anda + b + c + d + ei-f »1 to 6. 

Unking groups X 1 and X 2 provide links between the benzene rings of the paracyclophane 
structure that comprise between 2 and 4 carbon atoms. Hence X 1 and X 3 fnay be linear, 
30 branched or cyclic structures where the link is formed via 2, 3 or 4 carbon atoms. The links 
may, In addition to the carbon atoms, contain heteroatoms such as O t N or 3 (where the N 
atom may in turn be bonded to an alkyl group such as CH 3| CaHe, C1H7 or C 4 Hp or an aryl 
group, and the S atom may be bonded to an alkyl or aryl group or be part of an SO or so 2 



(z 1 ) a - 
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moiety) and/or the carbon atoms in the Unking group may be substituted with a halide. e.g. one 
or more fluorine stoma. Hence finking groups X' and X 8 may independently be for example 
-(CHaW. -CH 8 OCH 2 -, -CH^CH-OCH^ -CH^OjCHa-. -CFr or ortho. meta or para -C 6 H 4 
Such modification of the linking group may be useful for adapting the substituted 
paracyclophane to different reaction conditions, e.g. solvents. Preferably the linking groups 
comprise -(CaH,)- or ^Hb)-. More preferably x' and X 2 are the same and most 

preferably X 1 and X 2 are both -(C 2 H,)-. 

In one embodiment the paracyclophane is a bis(phosphlne) where V* and Y 3 may 
Independently be hydrogen, halide (CI, Br, F or I) or straight chain or branched elkyl groups 
(e.g. C1-C20) such as methyl, ethyl, propyl, leo-propyl, butyl, iso-butyl. sec-butyl, tert-butyl, 
pentyl, hexyl, heptyl, octyl, nonyl, deeyl. dodecyl, and stearyl, cycloaikyl groups (e.g. C3-C10) 
such as cyclopropyl, cyclobutyl, cydopentyl, cyctohexyl or adamantyi, or aryi groups such as 
phenyl, naphihyl or anthracyl. The alkyi groups mBy be optionally substituted with one or more 
substituents such as halide (Ok Br. F or I) or alkoxy groups, e.g. methoxy. ethoxy or propoxy 
groups. The aryi groups may be optionally substituted with one or more substituents such as 
halide {CI. Br. F or I), methyl, trlfluoromBthyJ or methoxy groups. Suitable substituted aryi 
groups Include 4-methylphenyt, 3,5-olmethyJphenyl. 4-methoxyphenyl and 4-methoxy-3,5- 
dlmethylphenyt. Substituted or unsubstltuted heteroaryl groups such as pyrfdyl may also be 
used. 



In an alternative embodiment, Y 1 end Y 2 on each phosphorus atom may be linked so as to farm 
a ring structure Incorporating toe phosphorus atom. In such an embodiment, preferably Y 1 and 
Y 2 are linked so as to provide each phosphorus atom in a 4- to 7-membered ring. 

25 

In yet a further embodiment, the paracyclophane may be a phosphonite (where Y 1 and Y 2 are 
oxygen atoms), a phosphorus-amide (where Y 1 and Y 3 are nitrogen atoms), or a 
phosphonamidite (where Y 1 is an oxygen atom and Y* (a a nitrogen atom). 

30 Preferably, Y 1 and Y 2 are the same and are phenyl or substituted phenyl groups. 

Substituting groups Z 1 , Z 2 and 2* depending upon their number and position replace hydrogen 
atoms on one or both benzene rings of the paracyclophane (I). Z 1 , Z 2 or Z a may independently 
be norvftmctional group-containing substituting groups such as branched or linear alkyl (e.g. 
C1-C30) or aryi (e.g. phenyl, naphthyl oranthacyl). Such non-functional group-containing 
substituting groups may be effective In altering the physical, electronic and/or sterio properties 
of the paracyclophane for example where the paracyclophane is used as part of a 
homogeneous transition metal catalyst complex. Alternatively Z\ Z 2 or 2? may be functional 
group-containing substituting groups that comprise one or more functional groups that may, if 
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desired, be used to facilitate chlral resolution of the paracyclophane llgand or an intermediate 
thereof and/or covalently bond the paracyclophane llgand (or an Intermediate thereof) and 
hence a catalyst derived therefrom, to a suitably reactive solid support. Functional group- 
containing substituting groups Z\ Z 2 and Z* may independently comprise one or more 

5 functional groups selected from hallde (CI, Br k F or I), hydroxy!, alkoxy (e.g. C1-C30), carbonyl, 
carboxyl, anhydride, methacryl, epoxide, vlnyi, nitrite, nitro, sulphate, sulphonyl, mercapto, 
sulphide amino, amine, (mine, a wide and Imlde, These functional groups may, where 
appropriate t be directly bonded to the benzene ring In the paracyclophane llgand or may be 
present in alkyl (e,g. C1-C30), aryl oralkyl-aryl groups bonded to the benzene ring. In addition 
10 Z 1 , Z 2 or 2 s on one benzene ring In the paracyclophane structure may be the same or different 
from Z\ Z 2 or 2? on the other benzene ring, l.e> (Z 1 ).. &)* and [7?) c may be the same or 
different from (Z ! )«, (Z 3 )* and (Z a ) f . Preferred substituting groups are -CH a (Me), -C(CH 3 ) S 
(tpu) f -CH(CHa)2 (IPr), -C 6 H S (Ph), -CH=CH 2 » -I. -N0 9 , -N=CPha, R'OCH*- or R f O- (where R' =» 
CH*Ph, CH* tBu t IPr, S«t6u)Me a or SiflPOa); R n O*C- (where R" = H f CH 3| Ph-CH 2 , tBu, IPr, 

16 preferably H); and R'RU, RWNGtfa- or R'R M NCO- (where R' and/or R" * H. CH», CH 2 Ph). 



The substituting group on each benzene ring in the paracyclophane structure may be in an 
ortho (Z 3 ), meta (Z 2 ) and/or pare (Z 1 ) position to the P(Y 1 V 2 ) group. When the substituent is at 
the pa/a-position of the benzene ring it may enhance the electronic effects on the P(Y 1 Y 2 ) 

20 group and permits, by choice of suitable Z 1 substituents the possibility of electronic fine-tuning 
of the llgand to enhance Its effect when part of a catalyst tor different reactions and substrates. 
By careful choice of the Z 2 or particularly the Z* substltuent in the ortho-position, the steric 
properties of the llgand may be altered to effect changes in catalyst selectivity. The substituting 
groups may also be used to alter the physical properties of the paracyclophane e.g. Its stability 

25 in air. towards water, or its solubility in different solvents. 



At least one and up to six substituting groups may be present on the substituted 
paracyclophane (I) of the present Invention. While each benzene ring in the paracyclophane 
structure may comprise three substituting groups, it Is preferred that each benzene ring 

30 comprises one or two substituting groups such that a + b+c+d + e*f=1to4, more preferably 
a + b+c + d + e + f a 1or2. Most preferably each benzene ring comprises only one 
substituting group, i.e. a + b + c « 1 and / or d + e + f = 1 . It will be understood by those skilled 
in the art that when a substituting group is absent, i.e. where a, b, c, d, e or f = 0 then the 
corresponding carbon atom of the benzene rings in the paracyclophane will be bound to a 

35 hydrogen atom. 

Paracyclophanes of the present invention, suitable for use as ligands for the preparation of 
catalysts, Include but are not restricted to the following; 
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' Ra where 

R = Tfftyl, Ph. Tel. XyJ, MeO-Xyl, MeO-Pk. I-Pr, o-Hex, f-B u 
Pf^j ffa CHgPh, CH 3 , *-Bu. Wr, SI(f-Bu)Mea SI(M»r),, 

PRa where 

R « Ph. Tol. Xyl, MetMCyl. ftteOfVJ, o-Hex, M3u 



PR 2 R' B KCH 9 .Ph^M 2 .*.Bu.APc 



R'WN 



where 




PR a - J^PR 2 ^PR a 

R = Ph. Tol, Xyl, Me^Xyl. MeO-PA, APr, c^ax. ,-Bu RR« N - NHj, NHMe, NH^HaPh). NMe a , N(CH a Ph) a 

whare 




R = Triftfl, Ph. Tol, Xyl, MeO-Xyl, MBO-Ph, AP r . p+fax, f_e u 
» = cn a Ph. Ch 3 . «u, «»r, si(« U )Me a , siy-Pfl,. 





where, R- - CHaPh, CHa. Mu. *Pr. SKf-BuJMea. si(M»r) 8l 




PCl a 




where R » TrHyl. Ph. Tol. Xyl. MeO-Xyl, MtO-Ph, l-Pr, oHex, «-Bu 

R = CH a Ph.CHs.f-B U ,^Pr.ai(« U ) Me2 .6J(«>^ flnd ^ -^3? gj Me q 




Tol Xyl MeO-Xyl MaO-Ph o-Hex 
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Methods for preparing the paracyclophane of the present invention include electropnillc 
substitution (Including Friedel Crafts alkylatian and acylation reactions), nudeophlllc 
substitution, and metellalicn-subslltutlon reactions on a suitable paracyclophane intermediate. 
Alternatively the substituted paracyclophane may be constructed by coupling or dimerisatlon of 
5 suitably substituted and functional benzene ring units by e.g. thermal or photochemical means. 
Preferably the substituted paracyclophane of the present invention is prepared by substitution 
reactions on a suitable paracyclophane intermediate, in particular, we have found that 
substituted pseudo-ortho dibromo-paracyctophane provides a vary useful starting point for the 
synthesis of the substituted paracyclophane of the present invention. 

10 

AcconJingly. the present Invention further provides a method for preparation of a substituted 
paracyclophane of formula (I) by, 




(a) performing a substitution reaction on a pseudo-ortho dibromoparacydophane to form 
15 intermediate substituted pseudo-ortho dibromoparacydophane of formula (tl), and 




(b) reacting the substituted pseudo-ortho dibromoparacydophane with a phosphorus 
compound comprising PfY'Y 3 ), wherein X 1 and X a are Unking groups comprising between 2 to 4 
carbon atoms, V' and V s are selected from the group consisting of hydrogen, nallde, oxygen, 
20 nitrogen, elkyl. eyeloalkyl, aryl or heteroaryl, Z\ Z 9 and Z' are substituting groups that optionally 
contain functional groups, wherein a, b, e, d, e and f are 0 or 1 and 
a*btc*d-»-e + f»1to6. 

The pseudo-ortho dibromoparacydophane from which the substituted dibromoparacydophane 
25 (II) is synthesised may be prepared according to known methods. Typically a paracyclophane 
may be reacted wllh bromine In the presence of iron in a suitable solvent (see D. J. Cram et ah 
J. Am. Chero. Soc., 108S, 01, (13), 3S27). In particular, for commerdally available (2.2) 
paracyclophane, the synthesis of the pseudo-ortho dlbromot2.2]paracyclophane may be 
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performed according to the methods described In example 1 and example 2 on pages 31 and 
32 of aforesaid WO 97/47632. 



Electrophillc substitution reactions are preferred for preparing the substituted paracyclophane 
S of the present invention. In particular, we have found that the Lewis-add mediated electrophillc 
substitution of a pseudo-ortho dibromoparacydophane, particularly the pseudo-ortho 
dlbromol2.2]paracyclophane, proceeds surprisingly to substantially only the mono-para- 
substituted reaction product in high yield and selectivity. By forming only a mono-substituted 
product, the method Is highly efficient and overcomes the possibility of having to perform 
1 o complex and expensive separation techniques to obtain the desired substituted 
paracyclophane product 

For example, acetylatlon of pseudo-ortho dlbromo[2 l 2]paraoyclophane proceeds smoothly In 
the presence of aluminium trichloride <AICIa) end acetyl chloride tCH 3 COC!) fn dlchlcromethane 
1 6 (DCM) and surprisingly affords the mono-substituted acetylated product, with the ketone group 
exclusively In the para position. Even in the presence of excess Lewis ecld no di-acetylated 
product was obtained. This reaction Is depicted below; 




20 In the presence of oxalyl chloride and AlCb the pseudo-ortho dibromo[2 4 2]paracyclophane 
mono-acid chloride can be produced In high yield. This can either be hydroiysed In the 
presence of water or quenched with the methanol to give the methyl ester. These reactions are 
depleted below; 




Scheme 2 R = Me 



mmmmmmmmmm 
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Under standard nitration conditions (cone HNCVacetic anhydride) both mono- and 
dteubathuted pseudo-ortho dibromop^Jparacyclophane compounds could be obtained as well 
as some decomposition of the starting material. However, under preferred Lewis Add nitration 
5 conditions (Sc(OTf) a ) a higher yield of the pseudo-ortho dlbramoR,2]paracyclophane mono- 
nltro compound was obtained with no dl-substituted product delected. These reactions are 
depicted below; 




Scheme 3 



10 Ortho-substitution may be accomplished using a method of ortho-llthiatlon wherein a 
paracyclophane substituted with en crthe-directing group. e.g. 4-N t N-dlethyiemido- 
[2i]paracyclophane is Hthlated using a suitable alky Withium compound, e,g. t-butyl lithium in 
diethyl ether and TMEDA, and the resulting Hthlated paracyclophane treated with a suitable 
electrophile (see Petter et aJ, Tetrahedron Left., 2001. 8391-4). 

15 

The functional groups on the substituted pseudo-ortho dlbromoparaeyclophan© (II) may, If 
desired, be chemically transformed before it is converted Into the desired phosphlne, 
phosphonite, phosphorus-amide or phosphonamldlte-conteining paracydophene of formula (I). 
For example, where the substituting group is a nitre (-NO*) group It may be reduced using 
20 known techniques such as catalytic hydrogenatlon to an amino (~NHs) group. Alternatively, 

a hydroxy! functionality may be provided by reduction of e.g. the methyl ester product depicted 
In Scheme 2 using LiAIH* to give the corresponding benzyl alcohol. However, prior to 

conversion of the benzyl alcohol-substituted pseudo-ortho dibromoparacyclophane into the 

corresponding phosphine, phosphonite or pho^phonamtdite, the hydro*yl group may be 
26 converted to another substituting group, e.g. a trityi group or tri-isopropoxysllyl group. The 

trilyl-converslon reaction is depicted below. 
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If desired the hydroxy! functional group may be regenerated from the trrtyi group by treatment 
of Hie resulting trityl-functionalised substituted paracyclophane with a suitable acid. Similarly, 
the tri-isoprapylsilyj group may be removed using tetnabutylammonium fluoride (TBAF). 

5 

Once the substituted pseudo-ortho dibromoparacydophane <ll) has been syntheslsed. the next 
step of the method of the present Invention is the conversion of the pseudo-ortho bromide 
groups to the desired phosphine, phosphonlte, phosphorus amide or phosphonamfdte by 
reacting the substituted pseudo-ortho dibromoparacyctophane (It) with a phosphorus 

10 compound comprising P(Y 1 Y 2 ). This reaction may be performed according id a number of 
known methods. For example direct displacement of the Br atoms by diphenylphosphino 
groups may be achieved by reaction of the substituted pseudo-ortho dibromoparacyctophane 
(II) with diphenylphosphino (PhaPH) in the presence of NiCl 2 .dppe and trlethylenedlamlne In 
DMF at 100°C, or by using the iithiated diphenylphosphine (PhaPU) with NlCI*dppe in THF at 

16 room temperature. Alternatively, a low temperature lithlation with BuLi and transmetaltation 
using MgBr a leads to an active Grignard reagent thai may be combined with the more stable 
phosphoryl oxide (PhaP(O)CI). The Grignard may also be formed directly by reaction of Mg 
with the substituted pseudo-ortho dibmmide (II). The resulting bis(phosphlne oxide) 
paracyclophane is then reduced to the desired bis phosphine using a suitable reducing agent, 

20 e.g.HSICborUAIH 4 . 



Preferably, substituted paracyclophane blsfrhosphlnes) are prepared by treating the 
substituted pseudo-ortho dibromoparacycbphane of formula (II) with an alkyl lithium reagent, 
e.g. tert-Buty! Lithium (tBuLl) and the anion quenched with an aryl- or alkyl-phosphlnylchtoride. 
25 e.g. dlphenylphosphinylchlorlde (Ph 2 PCl) to give the desired substituted paracyclophane 

bls(phosphlne), A similar method may be used far other eryl and alkyl phosphlnes. Using the 
tritykprotected pseudo-ortho dibramoftajparacyctophane of Scheme 4. this reaction may be 
depicted as follows; 
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Bf 1.tBuU-78°C 



Br 2.Ph2PCl.20°C 
THF 



Alternatively, the more air and moisture-stable corresponding phosphine oxide may be 
prepared using Ph a POCI and the phosphine oxide subsequently reduced using e.g. HSICI* 

5 Methods suitable tor preparing a phosphorite, phosphorus amide and phosphonamidlte from 
the substituted pseudo-ortho dibromoparacyclophane of formula (U) may be found In A. Zanotti- 
Gerosa etal, Org. Lett, 2001. 3687. 

A substituted pseudo-ortho dibromoparacyclophane may be converted to the corresponding 
10 substituted paracydophane bis{phosphonite) in an analogous manner to the phosphine by 
direct mBtallatten of the dlbromlde with a strong organometallic base and reaction with the 
appropriate chloro-phosphonite. Preferably, the substituted paraoyclophane blstohosphonrte) 
may be synthesised by treatment of a substituted paraoyclophane bis(dichlorophosphlne) or 
substituted paracydophane phosphorus-diamide with an alcohol, dlol or metal dlotete- The 
1 5 substituted paracydophane bis(diohlorophosphlne) may Itself be obtained via the 

paraoyclophane phosphorus dlamlda which may be prepared by direct retaliation of the 
paracydophane dibromWe with a strong organometallic base and reaction with a chloro- 
phosphorus-diainide euch as CI-PfNCHaJa or CIPfteo-CsHr). The resulting paracydophane 
phosphorus-diamide may be converted to the paracydophane bls(diehlorophosphine) by 
20 treatment with an HCI solution. These reactions ana depicted for a substituted [2.21 
paracydophane below; 




1. Base 
HO_J5H 



1. BftdQ 

2. (RaWaPCI 



Scheme 6 
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To prevent unwanted eid^ reactions during the described sequence of reactions, the 
substituting group may where appropriate be protected, e.g. by an alkoxy group using known 
methods. 

6 The substituted paracyclophane of the present invention is chlral and may adopt one of two 
enantiomeric forms i.e. an (R>- or (S)-configuraticn. Accordingly, the paracyclophane may 
comprise a racemtc mixture of enanttcmers. Alternatively and preferably the substituted 
paracyclophane comprises a substantially enantlomerlcatly-pure enantiomer (i.e having an 
enantiomeric excess >75% r preferably >95%). To obtain a substantially pure enanflomer the 

10 substituted paracyclophane may be prepared from a substantially enantiomericaily-pure 

pseudo-ortho dibromoparacyclophane starting material. For example, resolution of a racemic 
mixture of pseudo-ortho dibromoparacyclophane may ba effected on a chlral stationary phase 
such as crystalline cellulose triacetate using ethanol as eluant or on chlral HPLC columns* 
Alternatively, a chlral resolution may be performed at later stages during the synthetic process. 

15 For example, the resolution may be performed on the substituted paracyclophane 

bls(phosphine). phosphlne oxide, phosphonlte. phosphorus amide or phosphonam'idite (I) using 
known crystallisation techniques or separation on chlral chromatography columns. For 
example, resolution may be effected by treatment of a substituted paracyclophane phosphine 
oxide to form inclusion complexes with chiral substances such as benzoyl tartaric acid; the 

20 resolved phosphlne oxide then is reduced using e.g. H31Cl a . These methods however have a 
disadvantage in that they can be expensive and time-consuming. 

Advantageously, In the present invention, the chlral resolution of the paracyclophane may, if 
desired, be achieved utilising the substituting group Itself. This resolution is preferably 
25 performed using a substituted pseudo-ortho dibromoparacyclophane having a suitable 
functional group on a substituting group. 



Accordingly, the invention further provides a substituted pseudo-ortho dibromoparacyclophane 
of formula (III) 
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wherein X 1 and X* ere linking groups comprising between 3 to 4 carbon atoms, z\ Z 2 and Z* 
are functional group-containing substituting groups that comprise one or more functional 
groups selected from hydroxyl, altoxy. carboxyl. anhydride, methacryl, epoxide, vinyl f nitrila, 
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nttro, sulphate, sulphonyl, mercapto, sulphide amino, amine, imlne, and Imlde. a, b. c. d. e.and f 
areOorl anda + b + c + d + e + f = 1 to 6. 

Preferably the functional group is a carboxyiic acid (-COOH) functional group that may be 
reacted with a chlral base, or an amino functional group (-NH 2l formed for example, by 
reduction of a nitra, -tslQ 2l group) that may be reacted with a chlral acid Alternatively, the 
functional group may be one that may interact with an enzyme to allow enrymitic chiral 
resolution. Preferably one or two, mora preferably one functional group-containing substituting 
group Is present In the substituted pseudo-ortho dibromoparacyclophane of formula (III). I.e. 
preferabiya + b + c + d + e + f=1 or 2. morepreferablya+b + c + d + e + f = 1. 



The use of the substituted pseudo-ortho dlbramoparacyclophane of formula (III) provides a 
number of advantages, in particular the simplification of the synthetic process to the desired 
chlral product In one embodiment, the mono-substituted paracyclophane carboxylate of 
15 Scheme 2 may be used to effect chiral resolution of the pseudo-ortho dibromide before 
synthesis of the paracyclophane phosphine. phosphonite, phosphorus-amide or 
phosphonamidite. The sequence of steps leading to chlral resolution of a mono-para- 
substituted pseudo-ortho dibromo[2.2]paracyclophane using a chlral base is depicted below: 




Scheme? 



20 

The chiral resolution may be effected using knpwn techniques using a chlral base such as 
clnchonidlne. Alternatively, the resolution may be performed on an amino-substituted pseudo- 
ortho dibromoparacyclophane using a chlral actd e.g, tartaric acid and tartaric acid esters, 
mandelic acid or camphor sulphonic acid. 

25 

It will be understood by those skilled in the art that where one enantiomer of a substituted 
paracyclophane Is depicted, the other Is Included within the scope of the present invention. 
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The substituted paracyclophane (I) of the present Invention may be used as a llgand to prepare 
metal complexes suitable for use as catalysts in chemical reactions. 



Accordingly the invention further provides a metal complex comprising the reaction product of i 
metal compound and a substituted paracyclophane of formula (I) 

/i or " 





10 



wherein X 1 and X a are linking groups comprising between 2 to 4 carbon atoms, Y 1 and Y 8 ere 
selected from the group consisting of hydrogen, halide, oxygen, nitrogen, alkyl. eycloatkyl, aryl 
or heteroaryl, Z\ Z 2 and Z s are substituting groups that optionally contain functional groups, a. 
b, cd, e and f areO or 1 and a+ bt-c + d*e + f=1loB. 



15 



20 



25 



30 



The substituted paracyclophane (I) may be combined with the metal compound m a racemic 
mixture or in a substantially enantlomerically pure form. Preferably the substituted 
paracyclophane (I) is substantially enantiomerically-pure <j.e having an enantiomeric excess 
>76%. preferably >95%). The metal compound may be any metal compound that is able to 
react with the substituted paracyclophane (I) to provide a metal complex. The metal compound 
Is preferably a compound of palladium (Pd). platinum (Pt), rhodium (Rh), Iridium (lr)or 
ruthBnium (Ru) which may ba a metal salt e.g. halide. carboxylate, sulphonate or 
Rhosphonate. or an organometallio compound. The metal complex may additionally comprise 
ligands that are able to reveraibly co-ordinate. Reversibly co-ordinating ligands may improve 
the stability of the metal complexes and may be provided during the synthesis of the metal 
complex or may react with the metal complex when it is added to the reaction mixture. By 
"reveraibly co-ordinating" we mean a llgand mat can be readily displaced by other molecules in 
a reaction mixture. Such reversibly co-ordinating Uganda may be selected from the list 
comprising dlenes, particularly cyclic dlenes such as cyclooctadlene or norbornadlene. C1-C4 
alcohols, ethers, cyclic ethers, dials, e.g. 1.2-dtels and C2 or C3 olefins, e.g. ethylene. In 
addition, the metal complex may additionally comprise a non-reverslbly co-ordinating llgand 
that may be used to modify the reactivity and selectivity of the metal complex catalyst Non- 
reverslbly co-ordinating ligands that may ba used particularly in Rh complexes ate 1,2- 
diamlneasuch bs 1 ,2-dlphenylethylanediamlne. 1,2-cyelohexyiethylenediamlne and ethylene 
diamine and particularly substantially enantlomerically-pure 1 diamines such as (S,S)-1,2- 
diphenylethylenediamine. 



1 



13-JUN-3003 15:02 FROM: 
SYN 80016 



14 

To satisfy the oxidation stele of the metal complex, It may when the oxidation state of the metal 
requires, further comprise a counter-Jen. The counter-ion may be any suitable anion but Is 
preferably a non-nucleophile anion selected from trlfluoromethanesulphonate (trtflate or OTf), 
percblonate (CIO4). hexafluoroantlmonate (SbF^ or hexafluorophoaphate (PF e ). 

Accoidingly, metal complexes of the present Invention Include but are not limited to the 
following; 






^HOMe 
-^ Rtls -HOM« 




where 



M - Rh, Ir 

X = BF„ PF 6 .OTf 



To) Xyl MeO-Xyl MeO-Ph c-Hsx 

R ■ Ph, Tol. Xyl, MeO-Xyl, MeO-Ph, t-Pt , D-Hex, frBu 
R'» Trityl, CH 8 Ph, CHa. f-Bu, HPr, SICWBuJIUtea, Sl(H»r)3, 



R*0' 




PdCla 




The metal complexes may be readily prepared from the substituted paracyclophane of the 
10 present Invention. In general, the metal compound Is combined with the substituted 

paracyclophane and optionally the rewerelbly co-ordinating Igand and/or non-reveralbly co- 
ordinating llgand In a suitable solvent and heated If necessary to term the desired metal 
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complex. For example, the alkoxy-substituted paracyclophane bis(phosphlne) of Scheme 5 
reacts under relatively mild conditions with [RuCk(benzene) J a and (S,S)-Dpen to form a 
catalyst suitable for performing asymmetric reduction reactions. This reaction ia depicted 
below. 



PPh 2 i) fRua 2 <benzene)] a 
dmf. 10S»C „ 




PPh 2 H) (S>S)Dpen 




Schemed 



The substituted paracyclophane Uganda of the present invention are chiral and therefore are 
able to produce chiral metal complex catalysts. The chiral metal complex catalysts of the 
present invention may be applied to a large number of asymmetric reactions used to produce 

10 chiral products. Such reaction? include but are not limited to the chiral hydrogenation of 

enamide and non-enamide structures, asymmetric hydrogenation In lao-qulnoline synthesis, the 
asymmetric hydrogenation of unsaturated alcohols, asymmetric hydrogenation of ketones and 
imlnes, enantloselecHve Isomerization of olefins, asymmetric hydroboratbn reactions, 
asymmetric cyrtteatlon of oleflnlc aldehydes, asymmetric arylation and aikylation reactions and 

16 the amination of aryl halides (Hartwig-Buchwald reaction). To achieve high levels of 
enantiomeric purity in the reaction H Is preferred that the metal complex comprises a 
substantially enantiomerically-pura substituted paracyclophane (I). 

The conditions for using the metal complex catalysts are typically similar to those used for 
20 structurally related catalysts. For example, for the asymmetric reduction of ketones, the 

catalyst prepared according to scheme 7 may be used at room temperature under standard 
hydrogen pressures. The reaction may be depicted as follows; 

O - PH 



H 2 (120 pal), tBuOK, 2-pnopanol 



TritO 




98 % - 



Scheme 9 



25 While we have found me metal complexes comprising substituted paracydophanes of the 
present invention to be highly effective homogeneous catalysts we have found also that the 
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metal complexes may be provided supported on solid supports as heterogeneous catalysts. 
Heterogeneous catalysts have the advantaged that they are often easier to separate from the 
reaction mixtures and may In some circumstances be recycled. To form a heterogeneous 
catalyst, the metal complex may be absorbed or Ion-exchanged into a suitable solid support 
6 material, e.g. a zeolite. Alternatively the metal complex may be reacted with functional groups 
present on a solid support material to form a covalently bound catalyst Covalerrtly-bound 
heterogeneous catalysts are preferred as they can be more resistant to leaching of the metal 
complex in use than the absorbed or ion-exchanged heterogeneous catalysts. 
Advantageously, the substituted paracyclophanes of the present Invention possess substituting 
1 Q groups that may contain functional groups that are capable of reacting with functional groups 
present on the solid support material, 



A number of routes are possible for forming a covalently-bound heterogeneous catalysi using 
the panacyclophanes of the present invention. 
1 5 CO the metal complex derived from substituted paracyclophane (I) having functional group- 
containing substituting groups may simply be reacted with functional groups present on 
the insoluble solid support material, 
(li) The substituted paracyclophane (I) having functional group-containing substituting 
groups may be reacted with functional groups present on an insoluble solid support 
20 material and the metal compound subsequently reacted with it to prepare a supported 

metal complex, 

(ill) The substituted dibromoparacydophane (II) having functional group-containing 
substituting groups may be reacted with the functional groups present on a solid 
support material and then converted to the substituted paracyclophane (I) before 
25 subsequently reacting the supported paracyclophane with the metal compound to form 

the supported metal complex. 

Furthermore, if a functional group present in substituting groups Z\ Z 2 or Z 3 Is unsuitable for 
reaction with a given solid support material, It may be Intewonverted by chemical reaction (e.g. 
30 reduction or oxidation) or alternatively, the functional group may be reacted with a (Inker 

molecule that provides a suitable functional group capable of reaction with said solid support. 

The solid support materials to which the substituted paracyclophane may be covalently 
bonded, may be polymers, metal oxides or sol-gel materials that have sites capable of reacting 
35 with functional groups present in substituting groups z\ z 5 or Z 3 . The reactive sites present in 
the solid support materials may be selected from halide (CI. Br. F, or I), hydroxyl, carbonyl. 
carboxyl, anhydride, methacryl, epoxide, vinyl, nitrite, mercapta, isoeyanate, amine, imine, 
amide and lmlde 9 and are typically provided by surface functtonallsation of the solid supports 
using known methods, e.g. grafting using organofunctlonal silanes. The metal oxides include 
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silica, titanla, zirconia or alumina, alumino-siiicates or mixtures of these. The polymer may be 
any thermoplastic polymer that is Insoluble In the solvent system used for performing the 
catalysed reaction and is stable under the reaction conditions. Preferably, where the reaction 
is performed in polar solvents, the polymer is a polystyrene or a polystyrene copolymer of 
5 suitable molecular weight By the term "sol-gel materials'- we mean organofunctfanal silica 
materials prepared, for example, by hydrolysis of organofunctlonal ellanes, preferably In the 
presence of alkyl silicates and optionally other metal alkoxides. for example according to the 
methods described in WO 02/086159. 



10 The solid support material may be In the form of powder, pellets, granules, fibres, a honeycomb 
or foam. 

The Invention is further Illustrated by reference to the following examples where MTB£ « 
methyl-t-butyl ether; DMF - dlmethytformamWe; DMAP = 2.6-dlmethylamlnopyrldlne 
15 Open = 1,2-DlphenylethytenedfemJne; NBD = norbornadlene and room temperature « 20-25°C 
unless otherwise stated. The nomenclature of the substituted paracyclophanes was assigned 
as In: S. Glabon etsL Organic and Biomolecuiar Chemistry 2003, 1258. 



Example 1. Synthesis of nltro Kla anacvcbohane derivatwes 
20 al Standard nitration; preparation of 4.12-dibrcmo-7-nitror2.2te a r ae v cloDhane and 4.12- 
dtoromo-7.15^lnitroT2.2lBar acvcloahane. 




A solution of HNO a cone. (0.6 mL) In acetic anhydride (1 .4 mL) was added to a suspension of 
4,12-dlbromo[2.2]paraeyelophana (1.098 g, 3 mmol) In acetic anhydride {2 mL) cooled to 0*C. 

28 The reaction was stirred at room temperature tor 1 .5 hours. The resulting yellow solution was 
diluted with water (100 mL) and extracted with ethyl acetate (2 x 80 mL). The combined 
organic layers were washed with more water, dried over anhydrous NaaSO, and evaporated to 
give a yellow oil that was purified by chromatography (eluant: hexane/ethyl acetate 19/1) to 
glve4,12-dibmmo-7-nltraf>aracyclophane (105 mg, 8.S % yield) and4,l2Hiibnwno-7.15<llnJtn> 

30 paracyclophane (1 1 0 mg, 8% yield). 



p) lewis add mediate nitration: Preparation of 4.1g-dib.ttmo-7^itmr2. ap a r^i aB h H n B 
Sc(OTf)a (1 00 mg. 0.2 mmol) was suspended in dichlaroethane (2.5 mL) and HNOa 70% (0.1 
mL) was added to give a clear solution at room temperature. 4,12-Dlbromo- 
86 [2.2]paracyelophane (36$ mg. 1 mmol) was added and the reaction was heated to 70*C and 
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stirred for 20 hours. After this time, thin-layer chromatographic (TLC) analysis (aluant 
hexane/MTBE 95/5) Indicated that the reaction was not complete and more Sc(OTf) 3 (100 mg, 
0.2 mmol) and HN0 3 70% (0.1 mL) were added. After 1 hour at 70°C all the starting material 
was consumed and the reaction was diluted with dichlorqmethane (60 mL) and washed with 
5 brine (2 x50 mL). The organic phase was dried over anhydrous Na 2 S0 4 and evaporated to 
give a- yellow oiL The crude material was dissolved in 2 mL dlchloromethane and eluted 
through a pad of silica gel (eluant hexane/MTBE 9/1). Evaporation of the solvent gave 4,12- 
dibromo-7-nltrol2.2]paraeydophane (1 B0 mg, 31% yield) as a yellow solid. 
4 > 12-dlbromo-7-nltro[a.2]p9racyclophane. 

10 Example 2. Syn thesis of acetyl f2.21 paracvotophane derivatives 
a) preparation of 7^cetyH 1 12-dlbrorTiQf2^lpa^QVPl9Phan^. 




Br 



A solution of AlCb (266 mg, 2 mmol] and acetyl chloride (0.145 mL, 2 mmol) In anhydrous 
15 dichloromethane CH 2 Cfe (2.B ml) was added to a solution of (RH-IZ-dlbromoparacyclophane 
(366 mg, 1 mmol) in CHaCl a (10 ml) at-45°C. The mixture was allowed to warm to room 
temperature. After 30 mins the reaction mixture was poured into a flask containing dilute 2M 
aq. HC1 (60 ml) and ice. MethyW-butyl ether MTBE (50 ml) was added and the organic layer 
further washed with saturated solution of NaHCO* (60 ml), brine (50 ml) and dried further with 
20 anhydrous MflS0 4t filtered and the solvent removed to give the crude product which was 
substantially pure by NMR. 



Example 3. Sy nthesis and resolution of carboxvllc acid f2.21 paracvclophane derivative 
a^ Preparation of 7^hlorocarbonvM.12-dibromdl2.21paraCTclophane 




Oxalyl chloride (0.36 mL. 4 mmol) was added dropwise to a suspension of AICI, (260 mg, 2 
mmol) in CH a Cfe (2 mL). After stirring for 30 mln at room temperature, the obtained solution 
was cooled down to 0 °C and treated with a solution of (R)-4,l2-dlbrompI2.2]paracyciophana 
(366 mg, 1 mmol) in CHaCfe (2 mL). The dark solution was then stirred at 0 °C for 30 mln and 
30 allowed to warm up to room temperature for another 30 min. Solvents and volatile reagents 
were removed under vacuum to afford the productas a yellow solid. 
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bl Preparation ^ 4.12^ibromo-7-methPxycarbonvl Ellparacyclophana 




Br 



A solution of 7-chIoroformy l"4,12-dibromo[2.2]paracyciophane (1 mmol) In CHaCIa (2 mL) was 
treated with methanol MeOH (3 mL) and stirred at 50 °C for 1 hour. After cooling down to room 
5 temperature and diluting with MTBE (10 mL), the organic phase was washed with 2.8 M NH4CI, 
H 2 0 and saturated aqueous NaHCO*. dried over anhydrous M9SO4 and concentrated under 
vacuum to afford the product (360 mg. 65% yield) as a pale yellow solid. 

c\ Preparation of 7^arboxv-4,12<lLbromof2.aparacvclophane from acyl chloride 



A solutfon of 7-chloroformyl-4 t 12-dlbwmo[2.23parBcyc1ophane (1 mmol) in THF (2 mL) was 
treated with H 2 0 (1 mL) and stirred over nigh at room temperature. The reaction mixture was 
then diluted with MTBE and washed With brine and H2O. The organic phase was then dried {an 
MgSOd and concentrated under vacuum, the obtained solid was re-crystallised from hot 
1 5 MTBE^hexana to afford the product (328 mg, 80% yield) as a white solid. 

di Preparation of 7-carboxv^4.12-dIbromor2.2lparaovQtoPhane fmci-ester 
4 t 12-dlbromo-7-methoxycarbonyl |2.2]paracyclophane {4.3 g. 10.14 mmol) waa refluxed for 16 
hours in MeOH/HaO in presence of an excess of LIOH. The crude product so obtained was 
20 purified by washing the crude material with EfeO/hexane to give 3.40 g (82 % yield) of 7- 
carboxy-4 f 12-dibromo[22]paracyc!ophane. 

e) Resolution of racerpiq 7^arbqxY^,1^bromoI2>21parfl^lPPh^nQ 

A suspension of recemio 7-carboxy^4 Y 12-dlbromol2.2]paracydophane (1.23 g. 3 mmol) In EtOH 

25 (5 mL) was treated with a solution of (-) cinchonidlne (883 mg. 3 mmol) In EtOH (5 mL), heated 
at 60 *C for 1 h and stirred at room temperature for an additional 2 h. The solvent waa then 
removed under reduced pressure to obtain a dlastereomeric mixture of ammonium salts as a 
white solid. These salts ware recrystalllsed twice In hot EtOH. The resulting crystalline solid 
was dissolved In CH a CI 2 and treated with 10% aqueous HCI to obtain the free carboxylic acid in 

30 >97% ee. 



10 
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Example 4. Sv^ hesls of hvdroxvmethvl foStoaracyclophane derivatives and their ethers 
a\ Preparation of ^M.12^ib romo-7-hvdroxvmethvir£.gteai^W0l0Phane l method 1. 




To a solution of (/?Hi^-dibromo-7-methoxycarbonyl |2.2lparacyclophane (424 mg, 1 mmol) in 
5 THF (5 mL) at 0 °C was slowly added LIAIH4 <2mL, 1 M solution In THF, 2 minol). The reaction 
mixture was stirred at 0 C C for 30 min. let warm up to room temperature for an extra 30 min, 
cooled down again to 0 °C. and quenched by slow addition of a 10:1 mixture MeOH/H 2 0 (5 
mL), After warming up to room temperature, MgSO* was added to absorb the excess of H ft O, 
the mixture was then filtered to eliminate the aluminium and magnesium salts and concentrated 
10 under vacuum to afford the product (3S6 mg, 90% yield) as a white solid. 



h\ Preparation of 4.12-dlhromo-7-hydroxvmethv ir2.2lDaracvclophane. method 2 
Borane-dirnethyl sulfide complex (solution 2M In THF, 7.6 mL, 15 mmol) was added drapwise 
at room temperature to a THF (15 mL) solution of 7.carboxy-4,12-dibromo[2.2]paracyclophane 

1 5 (1 .78 g, 4.34 mmol) (CAUTIONI Violent reaction!). The reaction was heated to 45*C tor 30 
minutes, then stirred at room temperature for 14 hours. The reaction was concentrated under 
reduced pressure to about 6 mL and CH 2 CI 2 (fiO mL) was added. The organic phase is washed 
with HCI 2N (2 x 50 mL) and NaHCOa saturated solution (SO mL). then dried over an. Na a S0 4 
and evaporated. The product was re-dlssoived In MTBE (B0 mL), washed with brine (2 x 60 

20 mL), then dried over NaaSO* and evaporated to give the product as a colourless oil that 
solidified upon standing overnight at room temperature (1.66 g. BS% yield). 

c \ Preparation of 4.1g ^ibromi>-7^tnlsooro^ 




25 Lutidine (0.97 mL, 8,4 mmol) was added to a dlchloromethane (26 mL) solution of 4,12- 

dibromo-7-hydroxymethylI2.2]paracyclophane (1,68 g, 4,19 mmol), then trilsopropyisllyttrlflate 
(1.21 mL, 4.5 mmol) was added dropwise over 6 minutes at room temperature. The reaction 
was stirred at room temperature tor one hour, then the solvent was concentrated under 
reduced pressure to about 6 mL and HCI 2N (50 mL) was added. The reaction was extracted 

30 with MTBE (2 x 50 mL). The combined organic layers were washed with brine (40 mL), dried 
over Na 2 S0 4 and evaporated to give the product as a pale yellow oil that solidified upon 




SYN 60016 




standing at room temperature (1.95 g, 64% yield). 



dj Preparation of 4.ia^tt>romP-7-(trlPhenvlrneth<» t ^m6thvi[g gto a r a evciHp h n n P , 




15 



20 



25 



A mixture of 4,12-dibromo-7-hydroxymeihyl(2^]paraoyclophane (396 mg, 1 mmol), DMAP (12 
mg. 0.1 mmol) and trityl bromide (386 mg, 1.2 mmol) in pyridine (6 mL) was stirred at room 
temperature for 48 hours. The reaction mixture was then diluted with MTBE, washed with 2.6M 
NH4CI. H a O and saturated aqueous NaHCOs, dried (an MgS0 4 ) and concentrated under 
vacuum to afford a residue that was purified by flash chromatography (Si0 2 , 10% AcOEt in 
hexane) to yield the product (415 mg, 65% yield) as a white solid. 

Pxarnpl p q. Synthesis of phosohtne Boands based on i2.2loaracvctoohanB derivative 

& Preparation of r/^^.lg-bMdlphenvlPhosPhino^triDhenvimet ho^methmig^i 

paracvclophane rTrttylP-PatBtri 



To a solution of (R)^.12^ibromo-7-(triphenylmethoxy)methyl{22]paracyctophane (638 mg, 1 
mmol) in THF (5 mL) at -78 °C was slowly added r-BuLi (2.6 ml_ 1.7 M in pentane, 4.2 mmol) 
and the coloured mixture was stirred at this temperature for 30 minutes. The cooling bath was 
than removed and a mixture of cMorodiphenylphosphine (0.5 mL, 2.2 mmol) In THF (3 mL) was 
added dropwlse. The yellow solution was stimed for 1 hour, treated with SI0 2 and stirred for an 
extra 30 min. The SIO a was filtered off and washed with CHaCfe. The solvents were removed 
under vacuum and the residue was dissolved in CHsCfa. filtered to eliminate the LICI formed 
during the reaction and triturated by addition of hexane. After stirring the mixture for 1 hour, the 
precipitated product was collected by filtration (680 mg. 80% yield). 1 h NMR (CDCI a ): 7.5-7.0 
(m, 35H, OTr f PPha). 6.70 (d, 1H, J ■ 5.3 Hz). 6.65 (d, 1H, J ■ 9.0 Hz), 6.42 (d, 1H, J = 9.0 
Hz). 6.29 (d, 1H, J= 7.7 Hz), 6.06 (dd, 1H. J - 7.7, 6.3 Hz). 4-06 (d, 1H. J= 125 Hz. CH a OTr), 
3.90 (d, 1H, J= 12.2 Hz, CHaOTr), 3.(ML6 (m, 7H). 2.0-1.9 (m. 1H) ppm. M P NMR (CDCfe): - 
1.18, -1.24 ppm. 
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b) Preparation of 4.12^fefdiPhenvlDhQaoh»noW7^trtlsoDroDvlsiltf1c^^mfethvir2.21paracvctoBhanfe 
rTIPS-O-PapQ") 



PPha 




PPh a 



To a diethyl ether (17 mL) solution of 4,12-dlbramc^7-(trls-Ssoprapyteilyloicy) 
methyi[2.2]paracyclophane (555 mg, 1 mmol) at-7B°C was slowly added t-BuLI (2.35 mL, 1.7 
M in pentane, 4 mmol) and the colored solution was stirred at -78°C for one hour. The reaction 
was quenched by adding chlorodiphenylphosphlne (0.45 mL, 2.5 mmol) at -78°C. The colour 
immediately changed from orange to pale yellow. The cooling bath was removed, the reaction 
stirred at room temperature for 30 mlutes and a white sollde (LICI) precipitated. The reaction 
was treated with SIO a . stirred for further 30 minutes and then filtered under nitrogen. The 
solution was evaporated to give apis yellow solid that was deemed to be of sufficient purity 
(750 mg, quantitative yield). ai P NMR (CDCIa): -1.2, -1.7 ppm. 



c)Pretiafationof4.12-faisfdiohenvlohosDhln a V7^vdro wmethvir2.ainatacvcloDhane 
15 fHO-ParaCI 




Tetrabulylammonium fluoride (1.2 mL. 1 M solution in THF + 6% water) was added to a THF 16 
mL) solution of 4,1243ls(dlphenylphosphIno)-7-<triphenylmemoxy)methylI2.2Jparacyclophane 
(86$ mg, 1.14 mmol)and the reaction was stirred at room temperature for one hour. The 
20 solvent was evaporated and degassea diethyl ether (50 mL) was added. The ether solution was 
washed with water (50 mL), HCI 2N (50 mL) and NaHCO, sat solution (50 mL). then dried over 
NazSO* filtered under nitrogen and evaporated. The resulting pale yellow solid residue was 
washed with diethyl ether (1 mL) and hexane ( 5 mL) and dried to give the product as a off 
white solid (410 mg, 60% yield). 
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dL - Pr e P^ raB< >n of 4 . 12 -bfafdlPhenylnhnsnhlnooxldel7^^^ 



cvclophans 




Pd(0Ae) 3 (31 mg, 0.14 mmol), bls-dlphenylphosphrnqbutane (60 mg, 0.14 mmol) and 
dlphenylphoaphine-oxide (200 mg. 1 mmol) were dissolved In anhydrous, degassed DMSO (2 
mLJ and the reaction heated to 1 1S°C. After 5 minutes 4,12^ibromo-7Ktris^opiopylsiiyloxy) 
methyll2.2]paracyclophane (200 mg, 0.36 mmol) was added and the reaction was stirred at 
1 16°C for 16 hours. The solvent was evaporated. HCl 2N (60 mL) was added and the reaction 
was extracted with dichtoromethane (3 x 50 mL). The combined organic layers were dried over 
NazSO* filtered and evaporated. The crude mixture was purified by chromatography (SiO*. 
eluent: hexane/MTBBdlchloromethane 4/4/2) to give the product as a white powder (116 mg, 
15%yield). ). 'h NMR (CDCW: 1.05 (t, 6 H. CMa-CH-SI J ■ 8,5 Hz). 1.16 (m, 3H, CH,Cfc!$0. ' 
2.65 (m, 2H. -CHa-), 2.6 (m. 2H. -CHrf, 3.1 (m, 2H, -CH 2 -). 3-3 (m. 2H. -CH^), 4.65 (d, 1H, - 
CH r O,J«6H2),4.72(d,lH, -CHa-O, J = 6 Hz), 6.63 (d, 1H, H arom), 6.2 (d. 1H, H aronn), 
6.25 (m, 1H. H arom), 6.95 (d. 1H, H arom). 7.12 (d, 1H, H arom), 7.2 (m. 3H, H arom), 7.28 
(m, 2H, H arom), 7.45 (m, 11H, H arom). 7.6 (m, 4H, H arom). 3, P NMR (COCI s ): 23.3, 22.9 
ppm. This material can be reduced to the corresponding phosphine by treatment with HSiCl a . 
EtaN In xylene at 120°C. NMR scale experiment ai P NMR (CDCIa): -1.2. -1.7 ppm. 

ExempfS 6, Synthesis of metal complexes of p h osphine lioands based on subgHtuted 

f2.21paracvcloohane derivative 

a) Preparation of WRVTritvIQ-PataCiRuc]^ f <fl-Hmn1 




The phosphine of Example 5a {(ft) enanttomer. 50 mg, 0.05689 mmol) and [Ru(benzene)CI) 2 
(14.7 mg. 0.0294 mmol) were placed in a Schlenk flask and the air was replaced with nitrogen. 
Anhydrous, degassed DMF (1.6 ml) and toluene (2 ml) were added. The mixture was then 
heated at 105°C for 4 hours. A red homogeneous solution was obtained. To the solution was 
men added solid (S,S)-Dpen (12.5 mg. 0.05889 mmol) and the solution heated again for 1.75 
hre at 106°C. The solvent was then removed. The solid was dissolved in CHjCI 8 and MTBE 
added. Removal of the solvent caused precipitation of a tan coloured solid. The solid was not 
collected but the solvent completely removed to give the crude complex, which was used 
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without any further purification. a1 P NMR <CDCI 3 ): 43.88 ppm. 
creation f ^ffm-Trih/lQParaCRhNBPIBF, 



10 




The phosphlne of Example 5a «R) enantlomer, 66 mg, 0.078 mmol) and [RNNBDfelBF- (27 
mg 0072 mmol) (NBD = norbornadiene) were placed In Schelnk flask under Inert nitrogen 
atmosphere and degassed CH S CI 2 (2 mL) was added at room temperature. The colour of the 
solution quickly turned from red to orange. After one hour the solvent was removed under 
vacuum and the crude solid residue was washed with Et 2 0 (1 mL) and hexane (2 mL). The 
yellow suspension was stirred tor one hour, then the solid was allowed to settle and the 
supernatant liquid was removed. The solid was washed with more hexane and dried under 
vacuum (60 mg, 83 % yield). The precatatyst was used without any further purification. P 
NMR (CDCfe): 35.3 (dd, Jp*,= 158 Hz. 21 Hz), 37.4 (dd, J ( , m = 159 HZ, Ve« 21 Hz). 



15 c] Preparation " f [HnParaC Rh NBOTBEa 



20 




The phosphlne of Example 5c (135 mg, 0.22 mmol) and IRhfNBD)^ (75 mg, 0.2 mmol) 
(NBD = norbornadiene) were placed in Bchelnk flask under Inert nitrogen atmosphere and 
degassed CH 2 Cl 3 (15 mL) was added at room temperature. The colour of the solution quickly 
turned from red to orange. After two hours the solvent was removed under vacuum and the 
crude solid residue was washed with diethyl ether (1 mL) and hexane (5 mL). The solid was 
allowed to settle and the supernatant liquid was removed and the solid dried under vacuum 
(145 mg, 81% yield). M P NMR (CDCIa): 36.2 (dd, 158 Hz, 3 J„,= 21 Hz). 38.4 (dd. .W 
160 Hz. \Iw>=20 Hz). 
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Examola 7. Hvdronenation of aromatic ketones 

a) Hvdmoenation of acetophenone at S/C 3000/1 In Parr autarfat/a 

H 2 (8.3 bar), t*8uOK, 2-propano! 





OH 



10 



Ph if h H 2 

In a SO mL glass-liner was added K/Q-TrltylOParaC^JRuCIHCS.S^pBn] (0.002 mmol). Thts 
was placed In the Parr autoclave and the air replaced with nitrogen. A solution of 
acetophenone {6 rnmo!) and f-BuOK In 2-propano! was then added to the Parr autoclave. The 
Autoclave was then pressurised with hydrogen to 8.3 bar and left to stir at room temperature. 
After 30 minutes the uptake of hydrogen had stopped. The autoclave was opened end the 
solution analysed by gas-chomatography (column: Chfrasli DEX-CB, method: 100°C tor 7 
minutes, then 15°C to 20fl°C): >99 % conversion, SB % e.e. 
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M Hvdroaenatton of ace tophenone at S/C 5000/1 In Argonaut Endeavour 
[(/?).TritylOParaC]-RuCl 2 -[(S,S).Dpen] (1 mg, 0.001 mmol) was placed In a glass liner In an 
Endeavour Argonaut multi-well pressure reactor. The vessel was purged with nitrogen and a 
solution of acetophenone (5 mmol) in 2-propanol (2 mL) was added. A solution of f-BuOK (0.1 
mmol) (n 2-propano! (2 mL) was added, the reaction was purged with nitrogen and pressurised 
to 10 bar hydrogen, The pressure was maintained at 10 bar and the hydrogen uptake 
monitored. The reaction was complete In 40 minutes. The pressure was released and the 
reaction analysed by chiral gas-chromatography; > 99 % conversion, 98.5 % e.e. 

Example fl. HvdroaBnatlon of dehvdro amlnoaolds 

a) Hvdrogenation of methvl 2-acetamidoaGhriate at Su bstrate/Catalvst a 1000/1 

POQMe moH „ 2 COOMe 



N! 



HAc 



TritO' 




BF 4 



Nl 



MAC 



[(*)-TritylOParaC Rh NBD]BF* (2.2 mg. 0.002 mmol) and methyl acetomldoacrylate (286 mg, 
2 mmol) were placed In a glass liner In an Endeavour Argonaut multi-well pressure reactor. 
The vessel was purged with nitrogen, degassed MeOH was added <4 mL) and the reaction was 
pressurised to 10 bar with hydrogen. The pressure was maintained at 10 bar and the hydrogen 
uptake monitored. After 30 minutes the pressure was released and the reaction analysed by 
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chlral gas-chromatography (column: Chirasil DEX-CB, method: 13Q°Cfor 10 minuted then 
15 s C/min to 200°C); 100 % conversion, 99 % fc.e. 
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Claims , 



1 . A substituted paracyclophane of formula (I) 




wherein X 1 and X* are linking groups comprising between 2 to 4 carbon atoms, Y 1 and Y* 
are selected from the group consisting of hydrogen, hatlde, oxygen, nitrogen, alkyl. 
cycloalkyi, aryl or hetercaryl, z\ ^ and Z 3 are substituting groups that optionally contain 
functional groups, a. b. c. d. e and f era 0 or 1 and a + b + c + d + e + f = 1 to 6. 

2. A substituted paracyclophane according to claim 1 wherein X* and X s are both -C*H*-. 

3. A substituted paracyclophane according to claim 1 or claim 2 wherein z\ Z 2 or Z* are non- 
functional group-containing substituting groups selected from branched or linear alkyl or 
phenyl, naphthyl or anthacyl groups. 



4. A substituted paracyclophane according to claim 1 or claim 2 wherein Z\ 2 2 or Z 5 are 
functional group-containing substituting groups comprising one or more funcQonal groups 
selected from halide, hydroxy!, alkoxy, carbanyl, carboxyt, anhydride, methacryl, epoxide, 
vinyl, nitrile, nitro, sulphate, sulphonyl, mercapto, amino, amine, Imine. amide and Imide. 

5. A substituted paracyclophane according to any one of claims 1 to 4 wherein 
a-*b + c + d + e*f=l or 2. 

6. A substituted paracyclophane according to anyone of claims 1 to 5 wherein a + b + c = 1 
and/ord +e + f = 1. 



7. A method for preparation of a substituted paracyclophane of (I) by. 

.Xl 

>oft.- (zV 
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(b) reacting the substituted pseudo-ortho dlbromoparacyclaphane with a phosphorus 
compound comprising P{yV), wherein X 1 and X 8 are linking groups comprising between 2 
to 4 carbon atoms, Y 1 and Y 2 are selected from the group consisting of hydrogen, halide, 
oxygen, nitrogen, alky!, cycloalKyl, aryl or heteroaryl, Z\ Z 2 and 2* are substituting groups 
that optionally contain functional groups, a, b, c, d, e and f are 0 or 1 and 
a + to + c + d + e + f»1to6. 

6. A method according to claim 7 wherein the substitution reaction Is a Lewis-add mediated 
electrophlllc substitution. 

9. A substituted pseudo-ortho dibramoparacyclophane of formula (III) 




wherein X 1 and X 2 are linking groups comprising between 2 to 4 carbon atoms, Z\ Z 3 and 
Z a are functional group-containing substituting groups that comprise one or more functional 
groups selected from hydroxyl, alkoxy* carboxyl, anhydride, methacryl, epoxide, vinyl, 
nltrile, nitro, sulphate, sulphonyl, nrvercapto, sulphide amino, amine, imlne, end imide, a. b t 
c f d, eandf areO or1 anda+b*c + d + e + f = 1 to 6. 

10. A substituted pseudo-ortho dlbromoparacyctophene according to claim 9 wherein the 
functional group Is a carboxylio acid functional group or an amino functional group. 



11. A metal complex comprising the reaction product of a metal compound and a substituted 
paracyclophane of formula (I) 
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wherein X 1 and X a are linking groups comprising between 2 to 4 carbon atoms, Y 1 and Y 8 
are selected from the group consisting of hydrogen, halide. oxygen, nitrogen, alkyl, 
cycloalkyl. aryl or heteroaryi. Z\ Z a and 2 s are substituting groups that optionally contain 
functional groups, a. b. c. d, e and f are 0 or 1 and a ♦ b + c + d + e + f * 1 to S. 

12. A metal complex according to claim 11 wherein the metal compound is a compound of 
palladium (Pd), platinum (Pt), rhodium (Rh). iridium (Irl or ruthenium (Ru). 

1 3. A metal complex according to claim 1 1 or claim 12 wherein the substituted paracyclophane 
(I) Is substantially enantlomerically-pure. 

14. A metal complex according to any one of claims 1 1 to 13 wherein the metal complex is 
supported on a solid support 

16. The use of a metal complex according to any one of claims 12 to 14 as a catalyst for the 
chlral hydrogenatlon of enamlde and non-enamlde structures, asymmetric hydroganation In 
iso-quinoBne synthesis, the asymmetric hydrogenatlon of unsaturated alcohols, asymmetric 
hydrogenatlon of ketones and Imlnes, enantloselective IsomerizaUon of olefins, asymmetric 
hydroboration reactions, asymmetric cycBsatlon of olefinlc aldehydes, asymmetric arylatlon 
and alkylatlon reactions and the aminatlon of aryl halldes (Hartwlg-Buchwald reaction). 
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Abstract 

A substituted paracyclophane is described of formula (I) 




wherein X 1 and X 8 are linking groups comprising between 2 to 4 carbon atoms, Y* and Y* are 
selected from the group consisting of hydrogen, halide, oxygen, nitrogen, alkyl, cycloalkyl , aryt 
or heteroaryl, Z\ Z 2 and Z 3 are substituting groups that optionally contain functional groups, a, 
b> c A d> e and f are 0 or 1 and a * b * c * d +e + f « 1 to 6. Preferably X 1 and X a are -(C 2 H A y 
and a + b*c + d + e + f=1or2. The substituted paracyclophane is readily synthesised and 
provides transition metal catalysts that demonstrate high activity and selectivity for asymmetric 
reactions. 
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